The gas-phasd reactions of coordinatively unsaturated metal carbonyl anions (M(CO);, M = Cr, Mn, Fe, Co; n = O-3 and Co(CO),NO-, n = O-2) with unlabeled and D-and "C-labeled methyl formate have been studied with Fourier transform ion cyclotron resonance mass spectrometry. The reactions proceed in most instances by loss of one or more CO molecules from the collision complex. In the reactions of the dicarbonyl and tricarbonyl anions with H'3COOCH,, part of the eliminated carbon monoxide molecules contain the label revealing the occurrence of initial insertion of the metal center into the bonds adjacent to the carbonyl function of the substrate with formation of five-or six-coordinate intermediates, respectively. In addition, the Mn(CO);, Fe(CO);, and CdCO); ions react by the loss of methanol and a [C&,0] neutral species. The D-and '%-labeling show that methanol is expelled in a reductive elimination from a five-or six-coordinate species, whereas the [C&,0] loss is a more complex process possibly involving the competing losses of formaldehyde and CO + H,. In the reaction of Fe(CO); with H'%IOOCH,, a facile consecutive exchange of all three CO ligands of the reactant ion for 13C0 is observed. This novel reaction appears to involve initial insertion into the H%O-OCH, -bond followed by facile hydrogen shifts from the formyl ligand to a CO li formate. (J Am Sot Mass Spectrom 1994,5, and prior to the loss of unlabeled methyl 7 525-536 T ransition metal carbonyl compounds have been used as catalysts in a variety of important industrial processes throughout this century II, 21, and the mechanisms of many of these processes have been investigated and elucidated since. Abundantly available, for example, as a product from the combustion of coal in the presence of steam, carbon monoxide is one of the most important ligands in transition metal chemistry and a key substrate in well-known (mostly htiogeneous) catalytic processes such as the Reppe reaction, the Fischer-Tropsch reaction, Monsanto's acetic acid process, the 0x0 (or hydroformylation) reaction, and the water gas shift reaction [l, 21. One of the central steps in these complex catalytic reactions is migration of an alkyl group or hydrido ligand from a metal center to a coordinated CO molecule with the attendant formation of an acyl of formyl ligand, respectively (eq 1): Other steps in these processes involve typical organometallic reactions such as oxidative addition, reductive elimination, ligand addition or substitution [2] , and insertion of a metal center in a formyl group, that is the reverse of the reaction in eq 1. In principle, these fundamental reactions can be studied in the gas phase in the absence of salvation phenomena. In fact, a large number of studies have documented that positive [3] as well as negative [4, 5] transition metal ions can be generated in the gas phase, thereby allowing their unimolecular or bimolecular chemistry to be studied by a variety of mass spectrometric methods with the purpose of obtaining fundamental insights into these reactions. The study of the gas-phase chemistry of metal ions has also provided thermochemical data such as electron affinities of neutral metal species and metal-ligand bond strengths of various transition metal-containing ions 16-91.
neutral species. The D-and '%-labeling show that methanol is expelled in a reductive elimination from a five-or six-coordinate species, whereas the [C&,0] loss is a more complex process possibly involving the competing losses of formaldehyde and CO + H,. In the reaction of Fe(CO); with H'%IOOCH,, a facile consecutive exchange of all three CO ligands of the reactant ion for 13C0 is observed. This novel reaction appears to involve initial insertion into the H%O-OCH, -bond followed by facile hydrogen shifts from the formyl ligand to a CO li formate. (J Am Sot Mass Spectrom 1994, 5, and prior to the loss of unlabeled methyl 7 525-536 T ransition metal carbonyl compounds have been used as catalysts in a variety of important industrial processes throughout this century II, 21 , and the mechanisms of many of these processes have been investigated and elucidated since. Abundantly available, for example, as a product from the combustion of coal in the presence of steam, carbon monoxide is one of the most important ligands in transition metal chemistry and a key substrate in well-known (mostly htiogeneous) catalytic processes such as the Reppe reaction, the Fischer-Tropsch reaction, Monsanto's acetic acid process, the 0x0 (or hydroformylation) reaction, and the water gas shift reaction [l, 21. One of the central steps in these complex catalytic reactions is migration of an alkyl group or hydrido ligand from a metal center to a coordinated CO molecule with the attendant formation of an acyl of formyl ligand, respectively (eq 1):
Other steps in these processes involve typical organometallic reactions such as oxidative addition, reductive elimination, ligand addition or substitution [2] , and insertion of a metal center in a formyl group, that is the reverse of the reaction in eq 1. In principle, these fundamental reactions can be studied in the gas phase in the absence of salvation phenomena. In fact, a large number of studies have documented that positive [3] as well as negative [4, 5] transition metal ions can be generated in the gas phase, thereby allowing their unimolecular or bimolecular chemistry to be studied by a variety of mass spectrometric methods with the purpose of obtaining fundamental insights into these reactions. The study of the gas-phase chemistry of metal ions has also provided thermochemical data such as electron affinities of neutral metal species and metal-ligand bond strengths of various transition metal-containing ions 16-91. The major$y of the published studies of electron deficietit metal carbonyl anions is concerned with the reactivity of only one or two ions with several selected substrates. In a few instances, however, the reactivity of a broader range of metal-containing anions has been studied as exemplified by the drift-cell ion cyclotron [24] has been described previously [25, 26] . The Mn,(CO),, and Fe,(CO), compounds were introduced into an external EI source with a heated direct insertion probe (temperature _ 50 "C). The CnCO), compound was introduced through a leak valve to a pressure of 7-10 X 1K7 mbar as measured by an uncalibrated ionization gauge placed beneath the ionsource housing. Nitrous oxide was used as a moderator gas and admitted to the external ion source to a total pressure of 1-2 X 10K4 mbar. Moderation of the ionizing electrons to low kinetic energies is known to enhance the formation of negative ions from the metal carbonyl compound since the cross section for electron capture for most of these compounds is the largest at low electron energies [27] . In this way abundant Cr(CO& ions are formed from CnCO>,, MdCO& from Mn,(CO),,, and Fe(C0); from Fe&O),.
In addition, electron impact on NzO yields abundant 0' ions, which react with the neutral carbonyl compound by loss of CO, from the collision complex, thereby enhancing the yield of primary metal carbonyl anion fragments 112, 281. The primary negative ions were extracted from the ion source, accelerated to energies of about 3 keV, and focused by various ion lenses and deflection plates. The ions were subsequently decelerated and trapped in the ET-ICR cell [24] . The voltage applied to the trapping plates of the cell was -1 to -2 V. To generate anions containing fewer carbonyl ligands than the primary ions, the latter ions were subjected to CID [12, 291. To achieve this, the primary ions were excited to translational energies of about 35 eV (laboratory frame) followed by admission of argon through a pulsed valve (with a peak pressure of 10 5-10-4 mbar), in order to allow for multiple collisions and subsequent loss of CO ligands 1121. The product ions were cooled by multiple collisions with another pulse of argon admitted 0.5-l s after the first @lsc, isolated, and allowed to react with methyl formate for l-5 s. A typical pulse sequence applied in these experiments is given in Figure 1 .
In most experiments the indicated pressure of the substrate was about 1 x 10e7 mbar as measured by an uncalibrated ionization gauge [25, 261 placed near the entrance for admission of the substrates to the main vacuum system.
M&I-i&
The metal carbonyls and unlabeled methyl formate were high-purity commercial samples obtained from Strem Chemicals (Newburyport, MA) and Aldrich Chemical Co. (Milwaukee, WI) and were used without further purification. The JXOOCH, (98% isotopic purity) and H'3COOCH, (99% isotopic purity) compounds were obtained from Aldrich Chemicals and Cambridge Isotope Laboratories (Wobum, MA), respectively. The purity and label content of these latter compounds were checked from their (low electronvolt) positive ion mass spectra.
Results
are given in Table 1 The results given in Table 1 -M(CO&+l + CH,OH (
The relative abundances of the product ions in Table 1 were obtained by measuring the temporal variations of product ion distributions. Occasionally, the relative abundances varied widely with reaction time. Mn ( than 15% (see Table 1 ). monoxide, but also '%labeled ligand molecules are eliminated (eq 5 and Table 2 
(M=Mn:x=3;M=Fe,Co:x-2)
Loss of methanol appears to be a relatively simple process in the reaction of MIn(CO),, Fe(CO&, and Co(CO& with H13COOCH, which indicates that this neutral species consists of the methoxy group and the formyl hydrogen atom of the substrate (eq 8):
(M=Mn:x=3;M=Fe,Co:x=2)
Representative time-plots for reactions of Fe(CO&, Cr(CO),-, and Mi$CO); with H13COOCH3 are given in Figures Zc, 3 , and 4, respectively. In addition, use of H13COOCHj also demonstrates the occurrence of a unique reaction between the F&O), ion and methyl forrnate. This reaction involves relatively fast consecutive exchange of CO ligands for the methyl formate carbonyl group (eq 9>:
The time-plot for the consecutive exchange of all CO ligands for "CO is given in Figure 5 . Expulsion of a carbon monoxide molecule from the collision complex is relatively slow, as indicated by the initial relative abundances of the product ions of carbon monoxide loss and the Fe(C0),(*3CO)-ion for this reaction (Table 2). Ultimately, all Fe(CO),_ ,('3CO); (n = O-3) ions 
Co(CO),
ion (14 electrons) continues this trend, although CO ligands are not expelled from the collision complex. This is consistent wifh the reaction of this ion with tiethanol, which involves only the Ioss of H, [lo] .
The reactions of several nucleophiles such as alkoxides and carbanions with methyl formate have been discussed in previous reports [35-371. The main reactions of these anions are proton abstraction, S,2, B,,2, and cw-elimination reactions. However, the metal carbony1 anions display a different reactivity towards methyl forrnate in keeping with other studies which have indicated that negative metal carbonyl anions are very poor nucleophiles [38] and bases 139, 401 in the gas phase.
Loss of co
The loss of carbon monoxide molecules from a collision complex is the most pronounced reaction for most of the metal carbonyl anions. Although one might expect this reaction to involve a simple ligand exchange, more thorough investigation with H13COOCH, proves that extensive bond activation takes place prior to decarbonylation. Accordingly, the two-and threecoordinate ions may react with methyl formate to form five-or six-coordinate intermediates, respectively, as depicted in Scheme I. These intermediates are probably formed by initial oxidative addition of either the H-COOCHB or the HCO-OCH, bond of the substrate to the metal ion followed by a migratory insertion of the metal into the other bond adjacent to the original carbonyl group of the substrate molecule. The formation of five-or six-coordinate intermediates leads to the prediction that in the reactions with the 13C-labeled substrate, a statistical ratio for the loss of CO and 13C0 as well as for 2 CO and CO +13C0 should be obtained (see also Scheme II). The results in Table 3 indicate that for most of the ions studied this is indeed observed. However, there are some deviations from the predicted outcome. In particular, the Fe(CO& and CdCOXNO)-ions react with H13COOCH, to expel much less 13C0 than expected. This may mean that, to some extent, a carbon monoxide molecule is lost prior to double insertion of the metal center into bonds adjacent to the carbonyl group of the substrate. Obviously, there is a competition between the second insertion and the loss of one or more carbon monoxide ligands.
In the reaction with CI.(CO>; loss of labeled carbon monoxide is slightly more pronounced (i.e., in a ratio of 1.1 to 1) than expected from the proposed mechanism. However, this result may be within the limits of experimental error and may be explained by differences in the amplitudes of the excitation pulses employed for the detection of these product ions (see Experimental).
The double insertion process as proposed in Scheme I would result for the Fe (C0) with the "C-labeled compound show that only part of the neutral species lost contain the carbon atom of the carbonyl group of the substrate ( Table 2 a See text.
bSse Table 2 Table 4 . However, unlabeled carbon monoxide may be expelled prior to formation of this intermediate, as was observed for some of the decarbonylation reactions (see Loss of CO>. Taking Table 4 , however, differ considerably from the expected ratios. Significantly, more [13C,H,,0] is expelled than predicted. This points to the formation of formaldehyde with predominant incorporation of the carbonyl group of the substrate, implying that a five-or six-coordinate intermediate as presented in Scheme I may not be formed in these reactions. With the present results and within the constraints of the thermochemical data, it is not possible to derive a detailed mechanistic scheme for the [C,H,,O] loss. However, the initial step may be proposed to be insertion in the HCO-OCH, bond as illustrated in Scheme III. Following this step, insertion into the H-CO bond of the formyl ligand may occur prior to the loss of formaldehyde and/or CO + H, as indicated by channels ci and c2. In addition, formaldehyde may be formed as shown in channel d. In this channel, the formyl group remains intact and forms a formaldehyde molecule with one of the hydrogen atoms from the methoxide ligand. In this respect, Table 1) . Expulsion of a methanol molecule is considered more likely than consecutive loss of [C,H,,O] and H, on the basis of the labeling experiments. These clearly show that the methanol molecule consists of the methoxy group and the formyl hydra gen atom, whereas only one of the hydrogen atoms of the [C,H,,O] species originates from the methoxy group of the substrate. These results strongly suggest that the loss of methanol proceeds as depicted in Scheme IV. The proposed pathway involves oxidative addition to form a five-or six-coordinate intermediate (Scheme I) followed by reductive elimination of the hydrido and methoxide ligands.
The loss of CHsOH results, of course, in addition of a CO ligand to the reactant ion with concomitant increase in the coordination number of the ion. Addition of a CO ligand to the reactant ion has been reported also for the reactions of Cr(CO); with aldehydes [14] , which proceeds in part by alkane elimination. More recently, it has been observed also in the reactions of Mn(CO);
and Fe(CO); with methanol or, in other words, this reaction can only proceed if the homolytic bond dissociation energy is more than 44 kJ mol-i. The reported CO ligand bond strengths [8, 91 are generally in between 135 and 190 kJ mol-', which implies that methanol loss in the reactions of the different metal carbonyl anions with methyl formate is quite exothennic.
Exchange of CO Ligands
In the reaction of Fe(C0); with unlabeled methyl formate only loss of one CO molecule is observed. With H'3COOCHs, however, the occurrence of a relatively fast consecutive ligand exchange reaction becomes apparent (Scheme V and Figure 5 ). Measurement of the temporal variation of product ion distributions as a function of time and subsequent extrapolation to zero reaction time indicate that the initial ratio for the loss of '3CO/C0 is approximately l/3 (see Loss of CO). Moreover, this ligand exchange reaction is favored over the reaction in which a CO molecule is eliminated from the collision complex and even complete exchange of all CO ligands for the labeled carbony1 group of the substrate occurs.
Although the precise mechanism of this unusual ligand exchange reaction is at this juncture not completely clear, some useful insight may be obtained by consideration of the thermochemistry for the formation of various rational neutral species in this reaction. For this purpose, reaction enthalpy changes for some possible neutral species are given in Table 5 . From these data, the formation of 2H,CO, 2H, + 2C0, or CH,OH + CO appears to be endothermic, whereas extensive rearrangements are required for the formation of CH,COOH and CH, + CO,. A further alternative could involve the expulsion of an unlabeled methyl formate molecule in a thermoneutral reaction. The mechanism of the reaction is unlikely to involve insertion of the nietal into both bonds adjacent to the carbonyl group since this would yield a six-coordinate 19-electron intermediate (Scheme I). However, the reaction mechanism may involve initial oxidative addition of the metal center to the HCO-OCH, bond followed by fast migration of a hydrogen atom between different CO ligands. As a result, all CO ligands become equivalent before elimination of either an HCOOCH, or a CO molecule (Scheme VI).
Conclusions
This study has provided more insight in the extensive bond activation and rearrangements prior to the expulsion of one or more neutral molecules which occur in reactions of coordinatively and electronically unsaturated metal carbonyl anions with methyl formate. The necessity to use strategically D-and 13C-labeled compounds for the elucidation of these reaction channels has been demonstrated.
Of the metal carbonyl ions studied, only the twoand three-coordinate ions with fewer than 16 valence electrons are reactive towards methyl formate in the gas phase. The predominant reaction of the metal carbony1 anions involves insertion of the metal into the bonds adjacent to the C=O function of the substrate leading to the formation of a five-or six-coordinate intermediate in which all CO groups have become equivalent Expulsion of one or two CO molecules may ensue subsequently from such relatively coordinatively saturated species.
Additional competing reaction channels are involved in the reactions of Mn(CO), (14 metal valence electrons), FdCO); (13 electrons), and CdCO& (14 electrons) in which also formaldehyde, possibly (H, + CO), and methanol are expelled. One of the hydrogen atoms of the eliminated [C,H,,O] neutral species originates from the formyl group and the other one from the methoxy group of the substrate. At present, the mechanism for the formation of the [C,H,,O] neutral species cannot be defined unequivocally, but the elimination of formaldehyde does not involve a reaction channel in which conventional reductive elimination occurs from the metal center.
In addition to the reaction in which one CO molecule is eliminated from the collision complex, the Fe(CO); ion reacts with methyl formate by subsequent exchange of all CO ligands for the C=O group of methyl formate. As in this latter process another methyl formate is expelled, the reaction must be thermoneutral and probably proceeds by fast migration of hydra gen between different CO groups in the collision complex. The formation of a six-coordinate 19-electron intermediate in which double insertion of the metal has occurred into the bonds adjacent to the carbonyl group in the substrate is unlikely.
